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The special relativity theory predicted that the change of the speed of a particle in the trans-
formation between two inertial systems with small relative speed, u, is of u/γ2 (in the case when
the particle has a large Lorentz factor, γ). This high stability of the particle speed allows us to
relate a one-way anisotropy of the maximum attainable particle speed and a variation of the particle
momentum. We used an atomic transition for the evaluation of an upper limit on the momentum
anisotropy and the limit on the Lorentz invariance violation. We show that even for a maximum
acceptable non-zero photon mass, mph ∼ 10
−18 eV, the speed of light anisotropy, ∆c/c, is below
10−37. In the limit of a massless photon the anisotropy is exactly zero.
PACS numbers: 98.80.-k
Lorentz invariance tests.- Precision testing of the fun-
damental symmetries is an active field of research and
a valuable method of searching for physics beyond the
Standard Model. The underlying special relativity theory
(SRT) is based on a few postulates whose experimental
consequences have been tested with improving accuracy
over the past hundred years, see for review [1]. In the
current study we address the postulate of isotropy of the
speed of light. The corresponding symmetry, Lorentz in-
variance, which could be broken according to string the-
ories [2], is of high importance in physics. Lorentz invari-
ance violation (LIV) could reveal itself in the anisotropy
of the speed of light.
The subject of isotropy of the speed of light (rota-
tion invariance) is usually considered for two cases. The
best known one is for the average speed (two-way speed)
in a round trip along a closed path (A-B-A), c2. It
was first tested about 130 years ago [3] on the level of
∆c2/c ∼ 10
−5 before SRT was formulated and has now
been checked in an oscillator experiment [4] to the level of
∆c2/c ∼ 10
−18. Two-way speed experiment [3] provided
the important foundation for development of SRT. An-
other case is a one-way speed between points A and B, c1
which is even more consequential. About 25 years ago the
upper limit for ∆c1/c ∼ 9×10
−8 was obtained in Ref. [5] .
The currently most precise tests of the anisotropy for the
one-way speed of light, ∆c1/c, were made in the Comp-
ton laser back-scattering and the asymmetric optical ring
cavity experiments [6, 7], the results of which were inter-
preted in the framework of the mSME [8]. They provided
an upper limit for ∆c1/c on the level of ∼ 10
−14. We
presented here a new analysis of ∆c1/c, which takes ad-
vantage of these experimental results: a tiny value of the
upper limit on the Anisotropy of the one-way Maximum
Attainable Speed of a photon (AMAS).
Analysis approach.- In this study of the AMAS we
assume, initially, a non-zero mass of the photon but a
mass consistent with its experimental upper bound. In-
terpolation of the analysis for a massless photon made
our result even stronger. The photon mass currently has
an upper limit ofmph < 10
−18 eV, see the reviews [9, 10].
The reviews of the data on LIV and bounds on AMAS
for different particles can be found in Refs. [8, 11, 12].
As for any particle with non-zero mass, the photon
should have the maximum attainable speed whose value
could vary with the direction of the photon motion in
the case of LIV. We will show a connection between two
bounds: one for the photon mass and the other for the
AMAS. Here we extend a concept suggested for the in-
vestigation of the AMAS of an electron [13] to the case
of a photon (with non-zero mass).
As it is done in many studies of LIV we are us-
ing the kinematic Robertson-Mansouri-Sexl (RMS) “test
theory” [14, 15], see also Ref. [5]. This kinematical frame-
work has a preferred frame of reference Σ where the speed
of light is isotropic and Lorentz transformation formu-
las are slightly modified to the level which is consistent
with the degree of LIV. However, the speed of light is
anisotropic in the laboratory reference frame S which is
moving with speed u relative to the system Σ.
A natural candidate for Σ is the frame of the Cosmic
Microwave Background which leads to a relatively small
value of u/c ∼ 10−3. For presented here it is essential
that u << c, but an extension to larger u requires just
an iterative use of the same logic. In the system S the
AMAS (∆c1/c) is along the direction of the vector ~u, but
it is much smaller than u/c.
The kinematical formula of SRT shows how the speed
of a particle should be calculated in the transformation
between two reference systems (using here for brevity a
one-dimensional case):
v′ =
v + u
1 + (v u)/c2
, (1)
where v is the speed of the particle in the reference system
Σ, v′ is the speed of the particle in the reference system
S, u is the speed of the S in the system Σ, and c is the
speed of light in the system Σ. In the analysis under dis-
cussion for a visual-light photon, the v is very close to c.
2Because in the preferred reference frame Σ the speed of
the frame S is u << c, the expression above with suffi-
cient accuracy leads to v′ = v+u (1− v2/c2). The inverse
transformation formula from the frame S to the frame Σ
is consistent with the first one because the possible vari-
ation of c1 in the frame S is limited by ∆c1/c < 10
−14.
The value of v′ differs from v by a small amount ∼ u/γ2.
From the SRT momentum-speed relationship for a
massive particle one can see that the anisotropy of the
maximum attainable speed leads to the anisotropy of
the momentum at a given speed of the particle. In-
deed, using the standard formula, p = mv/
√
1− v2/c21,
where c1 is the maximum attainable speed along the
direction of the particle motion, we can find that the
anisotropy of the momentum is ∆p/p ≈ −γ2∆(c1−v)/c
(for γ >> 1). Taking into account the stability of v,
the ∆(c1 − v) ≈ ∆c1 and the variation of the particle
momentum directly relates to AMAS:
∆p/p ≈ −γ2(∆c1/c), (2)
Photon emission in atomic transition.- Let us con-
sider the photon emission by an atom. In the preferred
frame Σ the photon energy and speed are independent
of the direction of the photon emission. Transformation
to the lab system, L, changes the photon speed by a
very small amount on the order u/γ2. As result, if the
momentum of the emitted photon has directional depen-
dence it should be interpreted as variation of c, see eq. 2.
The first consequence of the momentum variation is an
anisotropy of the photon emission probability due to the
phase space factor. According to Fermi’s golden rule, the
probability of the photon emission is:
dw = 2π|Vfi|
2δ(Ei − Ef − h¯ω)
d3p
(2π)3
, (3)
where Vfi is a matrix element of transition, Ei(Ef ) and
h¯ω are the energies of the initial (final) atomic states and
the photon, and d3p is an element of the photon phase-
space.
For an unpolarized atom, in the absence of a magnetic
field and an isotropic speed of light, the photon emission
is perfectly isotropic in the SRT framework. However, a
non-zero AMAS value leads to the anisotropy of the pho-
ton angular distribution due to the phase space factor,
which increases quadratically with the momentum.
Let us consider the AMAS value close to 1/γ2. Even
for such tiny AMAS the emission anisotropy becomes
large per eq. 2. The large emission anisotropy contra-
dicts the common knowledge from the Earth-based ex-
periments that unpolarized atoms radiate isotropically in
the absence of a magnetic field. Using eq. 2 and ∆p/p = 1
(as an extreme) for the optical photon (energy ∼3 eV,
Eph/mph ∼ 3 × 10
18), we have ∆c1,ph/c < 10
−37. A
simple fluowrescence experiment could test the isotropy
of photon emission to the level of 10−3 or better and
improve this limit by a few orders of magnitude.
The photon mass, an active field of investigation in
itself, was recently introduced as a possible contribu-
tor to the forces responsible for the observed “galaxy
rotation curves” whose origin is usually attributed to
dark matter [16]. In such a case, the estimated pho-
ton mass is mph ∼ 10
−23 eV. By using the analysis pre-
sented above the corresponding bound on the AMAS is
∆c1,ph/c < 10
−47.
The considerations above were formulated for a non-
zero photon mass. It is also natural to consider the transi-
tion to a smaller photon mass value. In the limitmph → 0
the photon γ factor is inf, the bound ∆c1,ph/c→ 0, and
the conclusion is that the speed of light is absolutely
isotropic for the massless photon.
The neutrino is another particle with a relatively small
mass. The mass of the neutrino is estimated to be
∼ 0.1 eV [10]. A number of experiments deal with the
neutrino beams of several GeV energy when the Lorentz
factor is above 1010. This allows application of the con-
siderations presented above and leads to a stringent limit
on the AMAS of the neutrino.
In summary: A stringent limit on the anisotropy
of the one-way maximum attainable speed of light of
∆c1,ph/c < 10
−37 is found by analysis of the c1,ph varia-
tion on the photon emission intensity. In the limit of a
massless photon, the speed of light is exactly isotropic.
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